The silver nanowires (AgNWs) and silver nanoparticles (AgNPs) were synthesized. With near-field electrospinning (NFES) process, fibers and thin films with AgNPs and AgNWs were fabricated. In the NFES process, 10 k voltage was applied and the AgNPs and AgNWs fibers can be directly orderly collected without breaking and bending. Then, the characteristics of the fibers were analyzed by four-point probe and EDS. The conductive film was analyzed. When the thickness of films with AgNWs and AgNPs was 1.6 m, the sheet resistance of films was 0.032 Ω/sq which was superior to that of the commercial ITO. The transmissivity of films was analyzed. The transmissivity was inversely proportional to sheet resistance of the films. In the future, the fibers and films can be used as transparent conductive electrodes.
Introduction
Recently, as the smart phone technology developed rapidly, a lot of attention was focused on the application of transparent electrodes [1] , which can be widely applied to the organic light-emitting diode (OLED) [2] , touch screen [3] , and thin film silicon solar cells. Currently, the prevailing material of the current transparent electrode was indium tin oxide (ITO) [4] . However, the disadvantages of ITO including expensive price, brittle material, and complicated process in the vacuum environment [5] resulted in extremely intensive energy and economically expensive during thin film fabrication process. Therefore, there were some emerging alternatives, such as graphene [6] , silver nanoparticles (AgNPs) synthesized by chemical method [7] , and silver nanowires (AgNWs) [8] with high conductivity and transmissivity used to replace ITO. The AgNWs were a promising alternative. Moreover, the farfield electrostatic spraying system was a technique which adopted high electric field to produce nonwoven materials that were excellent in the porosity, high surface area, fineness, and uniformity of the fibers [9] . Due to the necessity of a high applied voltage, the near-field electrospinning (NFES) process was developed. The fibers could be fabricated with low applied voltage. The direct-written polyethylene oxide (PEO) fibers fabricated by the NFES process were reported by Sun et al. [10] . In this study, the AgNWs and AgNPs were synthesized. With the NFES process, the suitable electric field was applied to electrospin the AgNPs fibers. Then, the AgNPs fibers were orderly collected. The characteristics of fibers were analyzed by Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray (EDS). Next, the AgNWs were used to fabricate AgNWs film. The optical transmissivity and sheet resistance of AgNWs film were measured by N&K analyzer and four-point probe.
Experiment

Electrospinning Process for AgNPs Fibers and Pure AgNWs.
For the electrospinning process, the AgNPs sol gel was filled in a syringe linked with a 0.5 mm diameter metallic needle to make the hemispherical solution appear at the tip of metallic needle. An electrode of a high voltage power supply was also attached to the tip of metallic needle. Thus, there was electric field created between hemispherical solution and collector. The applied electric field could make the positive ions be accumulated on the surface of hemispherical solution because of the electrostatic repulsion. When the repulsion was larger than the surface tension of hemispherical solution, the Taylor cone could be formed at the tip of hemispherical solution. Then, the repulsion could break through the solution and make the solution be ejected to form electrospun fibers. Therefore, the suitable applied voltage was necessary. In this study, it was set as 10 kV for this experiment. Next, the syringe was horizontally installed on the syringe pump. The flow rate of solution was set as 10 L/h. The tip-to-collector distance was set as 3 mm. The silicon or glass collector was put on the XY-table controlled by the programmable XY-table system. Figure 1 shows the NFES equipment. The droplet was dragged out by the electrical field to electrospin the AgNPs fibers. Next, the polyol reduction process was adopted to synthesize AgNWs solution and then the solution was centrifuged. The acetone was added into AgNWs solution and the proportion of acetone to AgNWs solution was set as 2 : 1. The mixed solution was evenly stirred to make the AgNWs be precipitated at the bottom of the solution. Then, the acetone and ethylene glycol at the top of the solution were removed due to the fact that the ethylene glycol was just the solvent and reducing agent for the synthesis of AgNWs. The residual AgNWs were added in the centrifuge tubes and then deionized water was injected in the tubes to remove PVP. During the synthesis process, the PVP was the material in which oxygen bond could combine with Ag bond of silver and make silver grow anisotropically. However, the PVP could coat the surface of silver and make the silver nonconductive. In addition, the deionized water was a good solvent for dissolving PVP. The deionized water was adopted to remove PVP. The residual AgNWs with deionized water in the centrifuge tubes were centrifuged at 6000 rpm for thirty minutes. The experimental process of injection of deionized water and centrifuging was repeated 3∼5 times until the above solution became transparent. The transparent solution in which the PVP dissolved was removed. The residual product in the centrifuge tube was the pure AgNWs. Finally, the pure AgNWs were added into deionized water and the solution was shaken to make pure AgNWs be dispersed evenly.
Results and Discussion
Results of Synthesis of PVP/AgNWs, AgNPs, Electrospun
AgNPs Fiber, and Pure AgNWs. Figure 2(a) shows the formulated AgNWs solution. The AgNWs could not be observed clearly in the synthesized solution due to the fact that AgNWs were coated with PVP and the solution was full of thick ethylene glycol. Then, the AgNWs solution was centrifuged to obtain pure AgNWs. Figure 2(b) shows the clear pure AgNWs. The diameter and length of AgNWs were in the ranges 10∼50 nm and 15∼30 m, respectively. Furthermore, Figure 2 (c) shows the synthesized AgNPs which were accumulated together because of the cohesive force between AgNPs. During the NFES process, a suitable applied voltage was 10 kV. The moving path of collector on the XY-table was set as straight line. From the result of electrospinning process, Figure 3 shows that the electrospun AgNPs fiber was straight without breaking and bending. Therefore, the path of electrospun fiber could be controlled. Figure 4 shows the result of EDS analysis. The Au element was detected due to the coating for SEM observation, and the Si and Ag elements were detected because of the silicon collector and AgNPs. Figure 4 shows the analysis of AgNPs solution. The carbon peak was high due to the fact that AgNPs were not centrifuged and the PVP which was a polymer was left behind on the surface of AgNPs. For the centrifuged AgNWs solution, the PVP was almost removed. There were just few residual PVP on the surface of AgNWs and the thickness of PVP was less than 2 nm. Therefore, the carbon peak was very low in the EDS analysis of centrifuged AgNWs solution. 
EDS Measurement.
N&K Analyzer Measurement.
Next, the synthesized AgNWs were used to fabricate AgNWs conductive film whose characteristics were analyzed. The pure AgNWs were used to fabricate AgNWs film. At first, few solutions with evenly dispersed pure AgNWs were taken out by a straw. Next, the solution was dropped on the substrate and then spin coated with different rotational speed to fabricate AgNWs film with different thickness. N&K analyzer was used to measure the optical properties of the film by using wavelength of 190∼1000 nm light source. Figure 5 shows the relation between thickness and transmissivity of AgNWs film. When the thickness of AgNWs films was 31 nm, 48 nm, 59 nm, 71 nm, and 292 nm, the transmissivity of AgNWs film was 70%, 65%, 55%, 50%, and 15%, respectively. The transmissivity decreased by 5% with increasing 100Å thickness of film. Moreover, the average refractive index was 1.20.
Analysis of AgNWs Conductive
Film. Four-point probe was used to measure sheet resistance by adding constant current between outside two probes and measuring the voltage between inside two probes simultaneously. Figure 6 shows the relation of thickness of film and sheet resistance for five AgNWs films samples: number 1∼number 5. The sheet resistance of AgNWs film was 210.8 Ω/sq, 210.8 Ω/sq, 2.686 Ω/sq, 0.032 Ω/sq, and 0.032 Ω/sq when the thickness of film was 0.791 m, 1.123 m, 1.126 m, 1.626 m, and 1.640 m. The increased thickness of film could make sheet resistance decrease; namely, the conductivity could increase. Therefore, the sheet resistance increased as the thickness of AgNWs film decreased.
Conclusion
The AgNWs and AgNPs solutions were fabricated. Then, the AgNPs fibers were successfully fabricated via the NFES process with 10 kV applied voltage. The electrospun AgNPs fiber was straight. In this study, the paths and patterns of electrospun AgNPs fiber could be well controlled by the XY programmable table. Next, the AgNWs solution was centrifuged to obtain pure AgNWs which were used to fabricate AgNWs film and the transmissivity and sheet resistance of film were analyzed. The transmissivity of AgNWs film with 31 nm thickness was 70% and the sheet resistance of AgNWs film with 1.640 m thickness was 0.032 Ω. From the analysis of thickness, sheet resistance, and transmissivity, the transmissivity decreased by 5% with increasing in film thickness of 100Å and the sheet resistance increased as the thickness of AgNWs film decreased.
